Abstract-New functionalized (ketone, ester or amide) pyrones derived from coumalic acid were synthesized either by a Friedel-Craft condensation of the diphenylether or by reactions with phenols and amines. The Diels-Alder (DA) cycloaddition of these pyrones with monofunctional maleimide the N-benzylmaleimide has been studied and two parameters, temperature and solvent effects, have been investigated to control the formation of cycloadduct containing CO 2 bridge (CARAD) or decarboxylated cycloadducts (DECARAD). The pyrones and the cycloadducts were characterized by proton and carbon NMR, GC/MS and HPLC/MS. This work allowed the determination of the scope and limitation for the polyimide synthesis with bis-pyrones and bis-maleimides, which is under investigation.
INTRODUCTION
The Diels-Alder (DA) cycloaddition is a very interesting approach for the linear polyimide synthesis [1] . This polymerization takes place from a bisdienophile, like a bismaleimide, and a bisdiene, such as a bisfuran [2] , biscyclopentadiene [3] , biscyclopentadienone [4, 5] or bispyrone [6] . In most cases the thermally-unstable cycloadduct can lead up to a thermally stable aromatic system after extrusion of a small molecule (water, carbon monoxide or carbon dioxide when furanes, cyclopentadienones or pyrones are used, respectively). When bispyrones are used the cycloadduct containing a labile lactonic bridge, allowing a thermal CO 2 Scheme 1. Diels-Alder cycloaddition between pyrone and maleimide.
elimination with formation of dihydro-imide in the first step, can be dehydrogenated itself to obtain an aromatic structure (Scheme 1).
Although the use of the bispyrones to obtain linear polyimides has been described extensively in the literature [7 -12] , the synthesis of this kind of bisdienes from the coumalic acid was mentioned only for organic compounds synthesis [13] , but never used in DA polymerization. Coumalic acid offers an interesting opportunity for the synthesis of pyrone with functional groups such as ketones, amides esters and so on, and the purpose of this work involves two steps: the first one is the preparation and characterisation of new mono-and bispyrones from coumalic acid and the second one is a model study reaction of these new dienes and bisdienes in the DA cycloaddition process by using a monofunctional maleimide, N-benzylmaleimide. The influence of several parameters, like solvents and temperature of reaction, on the thermal stability of the cycloadducts in order to control the release of CO 2 is also shown in this work.
EXPERIMENTAL

Products and equipment
All reagents used were commercially available. Diphenylether, phosphorus pentoxide (P 2 O 5 ), trifluomethanesulfonic acid (CF 3 SO 3 H), phosphorous oxychloride (POCl 3 ), 2-fluorophenol and 4,4 -oxydianiline (ODA) were used without purification. 2,2-Bis(4-hydroxyphenyl) propane (bisphenol A) and 2,2-bis(4-hydroxyphenyl) hexafluoropropane (bisphenol 6F) were recrystallized in toluene. Coumalic acid was sublimated.
1 H-and 13 C-NMR spectra were recorded on a Bruker AC 250 spectrometer. Chemical shifts were measured compared to TMS. The solvents used were DMSOd 6 or acetone-d 6 . HPLC/MS analysis was carried out by coupling HPLC with UV mass detection (LC-UV-MSD) using a Hewlett-Packard series HP1100-MSD. 19 F-NMR spectra were recorded on a Bruker DR 400 instrument operating at 376.4 MHz and using NMP as the sample solvent, unless otherwise noted. All reported chemical shifts are given in δ scale and in ppm relative to fluoroform as internal standard. Such an internal standard allowed to explore a small spectral width (−98 to −148 ppm) in order to obtain a good spectrum resolution. An 808 pulse was applied every 4.5 s. An internal lock was used by inserting a capillary tube containing a lock solvent (DMSO-d 6 ) into the 5 mm NMR tube containing the dissolved sample.
Synthesis
Pyrones I and II.
Pyrone I was synthesized by reacting 10.1 mmol of coumalic acid with 10 mmol of fluorobenzene in a 1 g P 2 O 5 /10 g CF 3 SO 3 H mixture for 5 h at 60
• C. For pyrone II 20.2 mmol coumalic acid and 10 mmol diphenylether were introduced in the same mixture as mentioned above for 2 h at 0
• C, giving the monosubstituted product. The reaction was continued for 5 h at 25
• C in order to obtain the bispyrone. At the end of reaction the crude pyrones I or II were obtained by pouring the final reaction mixture in water. After filtration and washing with water, the purification was carried out by silica gel column chromatography using AcOEt/cyclohexane (6:4) as eluent system.
Pyrone III, IV, V and VI.
Pyrone III: 10.1 mmol coumalic acid was mixed with 10 mmol phenol in 10 mmol POCl 3 . The reaction mixture was heated at 80
• C during 5 h, then poured in a NaHCO 3 -saturated aqueous solution. The purification was performed by chromatography on silica gel with CH 2 Cl 2 as eluent.
The synthess of pyrones IV, V and VI was performed under the same experimental conditions.
Pyrones VII, VIII and IX.
Preparation of coumalic acid chloride: 10 mmol coumalic acid was added to 10.2 mmol oxalyl chloride in 15 ml of CH 2 Cl 2 containing two drops of DMF. The reaction mixture was maintained at 40
• C for 1 h. The yield of the reaction was close to 100%.
Preparation of pyrone VII: 10.1 mmol coumalic acid chloride (1.56 g), freshly prepared, was added to 10 mmol aniline dissolved in 15 ml methylene chloride at 0 • C. Then 10 mmol triethylamine was slowly added. After 1 h the mixture was poured in an HCl solution (1 M). The product was purified by washing with methanol several times.
Pyrones VIII and IX: The synthesis of bispyrones VIII and IX from the corresponding diamines was performed under the experimental conditions as described for the monopyrone VII.
2.2.4.
1 H-and 13 C-NMR characterization of synthesized pyrones (Table 1) . Table 1 shows the 1 H-and 13 C-NMR chemical shifts of the different synthesized mono-and bispyrones.
Preparation of cycloadducts and biscycloadducts from the pyrones and Nbenzylmaleimide.
For the monoadduct synthesis 10 mmol of the mono pyrones I, III, VI was added to a solution containing 10 mmol N-benzylmaleimide in 40 mmol solvent. For the biscycloadducts synthesis, 5 mmol of the bis pyrones II, V, VI, VII or IX was used under the same conditions. At the end of the reaction (monitored by TLC) the mixture was poured in methanol and the obtained powder filtered and dried under vacuum. This operation is repeated two times in order to remove the solvent traces. The products were analyzed by LC/MS (Table 2 ) and NMR.
RESULTS AND DISCUSSION
Synthesis of the pyrones
Acylation of diphenylether or fluorobenzene (Scheme 2)
. Different experimental conditions for acylation of diphenylether and fluorobenzene with coumalic acid involving Friedel-Craft reaction using different solvents, different Lewis acid catalysts and the Eaton's reagent (CH 3 SO 3 H/P 2 O 5 = 10 : 1) were tested unsuccessfully. Trifluoromethanesulfonic acid (CF 3 SO 3 H), known as activating agent for the acylation [14] , was used both as solvent and reagent and allowed us to obtain the desired pyrone with a good yield ( Table 3) .
We note that the yield (90%) of bispyrone (II) synthesis is higher than that of the monopyrone (I) (55%). The moderate yield of purifed monopyrone (I) was due to n pyrone = 10 mmol; n N-benzylmaleimide = 10 mmol and n Slv = 40 mmol. n bispyrone = 10 mmol; n N-benzylmaleimide = 20 mmol and n Slv = 60 mmol.
Scheme 3.
Reaction of coumalic acid with a phenol reagent.
unidentified insoluble side-products. As mentioned above the use of Eaton's reagent is not as effective as the CF 3 SO 3 H/P 2 O 5 mixture. It does not give any pyrone with fluorobenzene and leads to the monosubstituted product with DPE.
Esterification of a phenol or bisphenol by using POCl 3 [15] (Scheme 3). Coumalic acid was dissolved in POCl 3 at 80
• C for 5 h. In a second step phenol, bisphenol A or bisphenol 6F was added to the reaction mixture (Table 3) . 
Synthesis by reaction of an amine or diamine with the acid chloride of coumalic acid [16] (Scheme 4).
For these reactions the acid chloride is first synthesized and isolated before the reaction in solution with aromatic amine.
Previous studies [17] have shown that it is difficult to obtain the pure amide due to the formation of enamine anhydride according to Scheme 5. However, by keeping the reaction mixture at low temperature we were able to isolate the different amides with quite good yields. The enamine traces were eliminated by washing the reaction mixture several times with MeOH (Table 3) . Table 3 summarizes the operating conditions for the synthesis of the different pyrones. The structures of the different pyrones were confirmed by 1 H-and 13 C-NMR analysis. Figures 1-3 show the 13 C-NMR spectrum of pyrone II, the 1 H-NMR spectrum of pyrone V and the 1 H-NMR spectrum of pyrone VIII, respectively.
Study of cycloaddition reaction using model compounds: DA reaction with a mono-functional maleimide
The maleimide double bond is very reactive with electron-rich dienes via DA cycloaddition [18] , but it can also react with relatively electron-poor dienes, such as pyrones [11, 12] . The first step leads to a cycloadduct which can be transformed into a dihydroaromatic imide just by losing CO 2 and then into aromatic imide via a dehydrogenation reaction [19, 20] . The conditions of the DA reaction between our substituted pyrones and maleimide were studied with a mono-functional maleimide (N-benzylmaleimide) according to the general scheme shown in Scheme 6.
The DA reactions between substituted bispyrone with N-benzylmaleimide were carried out in various solvents and at different temperatures (Table 2) .
Temperature effect.
The condensation of the fluoropyrone IV with Nbenzyl maleimide was performed in m-cresol at 130
• C and monitored by 19 F-NMR. In Fig. 4 we show the evolution of the DA reaction. After 1 h of reaction, we can easily observe a small signal at −128.2 ppm, which can be attributed to the cycloadduct (CARAD product). During the reaction the intensity of this peak increases and after 4 h a third peak appears at −128 ppm. This peak can be attributed to the product of the decarboxylation (DECARAD product) and it increases until the reaction stops.
When the condensation is carried out at 160
• C the DECARAD peak appears after 30 min; the CARAD peak decreases until its complete disappearance at 24 h (Fig. 5) .
The decarboxylation of the cycloadduct takes place when the temperature reaches 130
• C and at temperatures lower than 130
• C we observed that the main product obtained is the expected CARAD. Up to 130
• C either the DECARAD or the mixture of the two products was obtained. This observation was confirmed by TGA analysis of the cycloadduct CARAD product which shows an onset of decomposition causing the loss of CO 2 in the vicinity of 130
• C. The thermogram shown in Fig. 6 shows a weight loss of 11% between 130 and 200
• C, which corresponds to the weight loss of CO 2 of the CARAD prepared from VII and N-benzylmaleimide.
Solvent effect.
The literature claims that the solvent effect is a relevant parameter for the formation of the endo and exo stereo-isomers, but does not influence the yield [21] . By using several polar and non-polar solvents, such as toluene, NMP, DMF, chlorobenzene, 1,2,4-trichlorobenzene and m-cresol (Table 4 ), we noted that the best results leading to biscycloadduct CARAD were obtained in chlorobenzene at temperatures lower than 135
• C. We observed that the acidic solvents such as m-cresol are much more selective and efficient to obtain the DECARAD. On the other hand, aprotic solvents such as NMP or DMF did not give good results. It is known that the maleimide can polymerize itself in aprotic solvents [22] . In Figs 7 and 8 we show the 1 H-NMR spectra of CARAD and DECARAD models obtained from pyrone III and N-benzylmaleimide. In Fig. 7 we can observe a triplet between 3.8-4.2 ppm, assigned to the three protons 2, 4 and 5. In Fig. 8 the spectrum of the decarboxylated product (DECARAD) exhibits only one signal for two protons 4 and 5, corresponding to the dihydroimide structure.
Concerning the biscycloadduct, we made the same observation. In Fig. 9 , the 1 H-NMR spectrum of the cycloadduct CARAD obtained from the bispyrone VI and N-benzylmaleimide at 130
• C, the presence of this triplet assigned to the protons 2, 4 and 5 can be observed, like in the case of the monoadduct. 
CONCLUSION
Mono-and bisfunctional pyrones derived from coumalic acid have been synthesized and their reactivity with a monofunctional maleimide (N-benzylmaleimide) has been studied. We showed that both solvent and temperature have a critical effect on the course of reaction and the nature of the obtained products. Nonpolar solvents at temperatures below 130
• C lead to a biscycloadduct, while in m-cresol above 130
• C the dihydroimide is formed by decarboxylation. The reaction of the synthesized bispyrone with monomaleimide clearly showed that these compounds are interesting new monomers and the study of their reaction with some bismaleimides leading to dihydropolyimides is in progress in our laboratory.
